Summary
Intravenous Intralipid tolerance tests (IVLTT) were done in 26 newborn infants of 26-40 wk gestational ages. The clearance constants (k2) ranged from 1.2-12.7 (%/min) after bolus injections given within 4.5 h (n = 12) or daily (n = 13). Significant variation (17-31%) occurred, similar to adults, and was unrelated to the time or dose given. Eleven infants received continuous Intralipid infusions for 10-24 h at a rate calculated to maintain a plasma Intralipid plateau concentration of 100 mg/dl. Nine infants did not exceed this optimal plasma level, although four could have tolerated more Intralipid. Two infants exceeded the ideal plasma concentration (> 100 mg/dl). All infants achieved and maintained plateaus within 5 h. Neither day-to-day variations nor the bolus dose used to establish clearance characteristics, accounted for the discrepancies in plateaus achieved. These studies identify some limitations of the IVLTT as a predictor of Intralipid utilization during continuous infusion, and the need for early monitoring of plasma Intralipid concentrations to optimize the therapeutic dose given to newborn infants. Abbreviations IVLTT, intravenous Intralipid tolerance Lp-X, Lipoprotein-X TPN, total parenteral nutrition
The advantages of intravenous fat emulsion are the calories that it provides, and the supply of essential fatty acids necessary for normal cellular metabolism, growth, and development. Intralipid, the parenteral lipid emulsion commonly used has been recommended at doses of up to 4 g. kg-'.day-' in infants (25, 29) although some tolerate higher intakes (8) . Hallberg (17) first delineated the plasma clearance characteristics of bolus injections of Intralipid in adult man showing that below a certain plasma lipid concentration, clearance was exponential, obeying first order kinetics. Gustafson et al. (15) studying newborn infants, demonstrated that the plasma clearance of bolus injections was similar to that of adults. But lower postheparin lipoprotein lipase activity has been noted in premature infants (5, 25) compared to term babies (25) , which may explain Shennan's observations (23) that after a single injection, premature infants cleared Intralipid from plasma at approximately half the rate of mature newborns. Furthermore, we have noted the continuous infusion of Intralipid in adults (13) and the neonate (12) is associated with the appearance of Lipoprotein-X (Lp-X) in plasma at levels proportional to the amount and duration of the infusion. In addition, many recent reports of its possible disadvantages such as hypoxemia (21) , pulmonary fat accumulation in sick neonates (19) and reduced defences against bacterial infection in animal and adult neutrophil studies (4, 6, 7) prompted us to report the present study, which was designed to rationalize the safe delivery of Intralipid by continuous infusion to newborn infants on parenteral nutrition as their sole course of nutrients.
The reproducibility and the predictive value of the intravenous Intralipid tolerance test (IVLTT) in the calculation of an infusion rate to maintain the plasma Intralipid level at a predetermined concentration was assessed. As Intralipid clearance at physiologic triglyceride concentrations is considered to be exponential (17, 23) , the formula of the plateau principle (10, 1 I) from pharmacokinetics was applied to predict individual infusion rates. The plateau principal assumes that the plasma Intralipid concentration is achieved when the rate of Intralipid infusion equals the rate of Intralipid removal from the plasma compartment.
PATIENTS AND METHODS
In order to assess the variability of the response of newborn infants to bolus injections of 10% Intralipid, 26 infants (seven full term and 19 premature) were studied. All were appropriate for gestational age at birth and had bilirubin concentrations less than 5 mg/dl when studied at postnatal ages of 3-20 days.
In 12 infants, three consecutive IVLTTs were carried out over 4.5 h: six after a bolus of 100 mg/kg Intralipid and six after a 200 mg/kg bolus dose (Table 1) . Before commencing the protocol (Table I) , seven patients had been formula fed, whereas five were unable to tolerate oral feeding because of congenital gastrointestinal anomalies or necrotizing enterocolitis. All 12 patients were given basal calories as dextrose and water intravenously (40-50 kcal. kg-'. day-') for 4 h before and during the IVLTTs.
An additional 12 infants received bolus injections of Intralipid (200 mg/kg) on two consecutive days before continuous Intralipid infusions ( Table 2) . Four of these same infants, plus another, had IVLTTs at bolus injections of 200 mg/kg preceding and 1-2 h after 20-24 h of continuous Intralipid infusions ( Table 2 ). All these infants required total parenteral nutrition because of congenital anomalies in nine, necrotizing enterocolitis in three, and intolerance to feeds in two. They received constant infusions of intravenous glucose and casein hydrolysate for at least 4 h before their first tolerance test and continuously during the studies. Their individual non-fat calorie intakes ranged from 28-76 kcal. kg-'. day-'.
Intralipid plasma clearance was studied after a bolus injection of Intralipid 10% (100 or 200 mg/kg) given by scalp vein needle over 1 min, and the clearance measured serially at 1, 2, 5, 10, 15, 20, 30, 40, and 60 min, using a Thorp nephelometer to measure plasma turbidity as described by Carlson and Rossner (3) and later modified by Shennan et al. (23) for small volumes (50 p1) of capillary heel blood. This method measures the large light scattering particles in the plasma and does not include small endogenous, e.g., very low density lipoprotein, low density lipoprotein, or high density lipoprotein particles (22) . No adverse effect to the bolus injections was observed in any baby.
A group of 11 infants (No. 15 to 23 and 25, Table 2 , and one other) received continuous Intralipid infusions at doses calculated from IVLTTs done on the same day the continuous Intralipid infusions commenced. Continuous infusion rates were then calculated using the clearance constant derived from the IVLTT performed on the same day by applying the equation of the ' k2 significantly different from the remaining two (P < 0.05). was arbitrarily set, as Forget et al. (8) has shown that concentrations above this were associated with hyperlipoproteinemia. In practice, the actual target concentrations ranged from 91-104 mg/ dl. We have confirmed, in a separate group of 10 formula fed infants receiving 5-10 g. kg-'.day-' fat of similar age (I 1 f 2 days, mean f S.E.), and gestation (34 f 1.7 wk, mean f S.E.), that measured plasma turbidity did not exceed 90 mg/dl(56 f 6, mean + S.E.).
The infants were infused with Intralipid at the calculated rate through a separate scalp vein needle, using a Sage syringe pump (Model No. 255-2) to maintain a constant rate of infusion. The time (t) to reach 95% of the target concentration was predicted for each infant using the plateau principle equation (10) Statistical methods. The Intralipid clearance constant (k) was computed using a Hewlett Packard program, which computes the least squares fit for pairs of data points for an exponential equation of the form: y = a,e-kt, where y, Intralipid concentration (mg/dl), a,, initial Intralipid concentration (mg/dl), k, slope (clearance/ min); and t, time (min).
The standard error of k was calculated and reflects the variance of this slope. Comparison of the clearance constants (k) was made by analysis of covariance. Where there were three tolerance tests for each infant and when the k difference was significant, Duncan's multiple range test was employed (26) . This generates a significance matrix at 0.05 significance level for each infant. Overall group analysis was also performed on those infants from both groups in whom there were three tolerance tests. The S.E. of the expected plateau concentration was calculated (18) . The ex- pected and calculated plateaus were compared using the standard normal variable (27) .
RESULTS
The clearance constants obtained from the bolus injections after first order kinetics were similar to Hallberg's findings in adults (17) and Shennan's in newborns (23) . Analysis of the Intralipid clearance constants (k), expressed as % clearance per min (kz), of the individual infants revealed a wide variation in the response to the bolus injections. Of the infants who had three consecutive tolerance tests within a 4.5 h period (Table l) , one tolerance test differed significantly (P < 0.05) from the other two tests in five of the 12 infants studied. The injection dose (100 or 200 mg/kg) had no influence on the variability of the clearance constants, for significant differences occurred in three infants receiving 100 mg/ kg and in two who were given 200 mg/kg. Eight of the 12 infants (Table 2 ) studied on two consecutive days showed a significant day-to-day difference ( P < 0.05) in clearance. Tolerance tests done before and after a 20-24 h continuous infusion of Intralipid (Table 2 ) also showed a significant difference in two of five infants.
The plateaus obtained in the infants infused with Intralipid at a rate calculated from the same day IVLTT are shown in Figure  1 . Seven of the 11 infants achieved 95% of the target concentration within the predicted time (42-139 mins). All the infants maintained their plateaus throughout the infusion, although two achieved higher plateaus and four were lower than expected. The calculated Intralipid dose ranged from 2-3.8 g . kg-'. day-' with the exception of one infant who received and tolerated 8.6 g . kg-'. day-' (Figure right) ; thus, in 10 of 11 instances, the dose was within current recommended usage (29) . Plasma volumes of distribution of Intralipid in the infants are given in Table 3 (mean k S.E.). Day-to-day Intralipid volumes of distribution did not alter significantly and they were similar to calculated plasma volumes derived from individual hematocrits and a blood volume of 110 ml/kg (24) ( Table 3) .
DISCUSSION
The present study was undertaken to rationalize intravenous lipid therapy in individual newborn infants by studying the plasma clearance characteristics after a bolus injection of Intralipid and then applying the derived clearance constant (k) and lipid volume ' Correlation coefficient. P < 0.0 1.
of distribution to the well established formula of the pharmacokinetic plateau principle (10, 11) . The results show that during the infusion of Intralipid, plateaus were achieved and maintained in all the infants (Figure 1 ). In two infants, however, the Intralipid plasma levels rose significantly above that predicted into ranges considered at risk for hyperlipidemia (8) , and accounted for the early termination of the infusion. The intolerance was apparent within 5 h of commencing the infusion. In another four ;ifants, the levels were significantly less than predicted. These differences reflect the limitation of the IVLTT as a predictor of Intralipid utilization during continuous infusion in infants requiring total parenteral nutrition. The variation in clearance characteristics from repeated IVLTTs did not explain the discrepancies between predicted and observed plateau concentrations.
Carlson and Rossner (3) studied the variation of the IVLTT clearance characteristics in adults by examining the ratio of the constants of one test to another. We found ratios of 0.79-1.07 (Table 4) in babies, which is similar to those noted in adults (3) . Because the method of expressing variability as a ratio of clearance constants may obscure the true inter-test variations, we calculated the % variation in infants in whom three IVLTTs were done and the maximum variation between tests ranged from 17-27% ( Table   4 ).
The mechanisms responsible for the varied responses in infants who failed to achieve or who exceeded plasma target Intralipid concentrations are not evident from this study. The possibility however, that these reflect variations in adipose and muscle tissue lipoprotein lipase activities warrents direct evaluation as this enzyme is the rate limiting step in the physiologic clearance of , highest kz-lowest k2 x 100 lowest kz Calculated from the plateau principle formula, see "Materials and Methods." triglyceride particles. In an attempt to explain the findings in infants who did not achieve their target concentrations, it is possible that Intralipid infusions initiated an enhancement of clearance during the initial h of infusion, as Forget (8) has shown that Intralipid utilization during long term total parenteral nutrition improves. The two infants who exceeded the target plateau concentrations and became hypertriglyceridemic, differed from the others in that they were below the 3rd percentile for weight (28) at the time of study (though appropriate weight at time of birth), thus resembling small for gestational age (1, 16) and marasmic infants (14) , who are known to have a delayed lipid clearance.
On the basis of the resent studv. most infants infused with
Intralipid at 2-4 mg . kg'. day-' cle& it adequately, but none the less two infants did not, and individual tolerance remains difficult to predict. As impaired clearance was evident in the two cases within 5 h of infusion (Figure l) , it is suggested that plasma Intralipid levels be monitored by that time so that the infant can be re-evaluated and adjustment in infusion rates made. Early plasma monitoring may avoid the hazards of Intralipid excess in susceptible infants (2, 4, 6, 7, 19, 21 ). It will not however prevent the hyperphospholipidemia and hypercholesterolemia (9, 12, 13) and the accumulation of Lp-X (12, 13, 20) associated with Intralipid therapy in adults and newborn infants.
